Abstract-Radiofrequency (RF) ablation has become an accepted treatment modality for unresectable tumors. The need for larger ablation zones has resulted in increased RF generator power. Skin burns due to ground pad heating are increasingly limiting further increases in generator power, and thus, ablation zone size. We investigated a method for reducing ground pad heating in which a commercial ground pad is segmented into multiple ground electrodes, with sequential activation of ground electrode subsets. We created finite-element method computer models of a commercial ground pad (14 × 23 cm) and compared normal operation of a standard pad to sequential activation of a segmented pad (two to five separate ground electrode segments). A constant current of 1 A was applied for 12 min in all simulations. Time periods during sequential activation simulations were adjusted to keep the leading edge temperatures at each ground electrode equal. The maximum temperature using standard activation of the commercial pad was 41.7
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I. INTRODUCTION
R ADIOFREQUENCY (RF) ablation is increasingly utilized in cases where surgery is not possible as a minimally invasive treatment for kidney, lung, bone, adrenal gland, and both primary and metastatic liver cancer [1] - [6] . In RF ablation, current is delivered via an RF electrode that is inserted into the target tumor percutaneously (i.e., through a small incision in the skin), laparoscopically, or during open surgery. Cell death near the RF electrode results from the conversion of electromagnetic energy to heat by resistive heating. While a threshold value of tissue temperature does not exist due to the time-temperature Fig. 1 . During RF ablation, the RF electrode is inserted into the target tissue, and ground pads are placed on the patient's thighs, equidistant from the RF electrode. If four pads are used, they are placed on top and bottom of each thigh (reproduced with permission from [28] ).
relationship of tissue damage [7] , in general, temperatures above 50-60
• C result in cell necrosis due to protein coagulation [8] . During RF ablation, large dispersive ground electrodes (ground pads) placed on the patient's skin provide a return path for the applied RF current (Fig. 1) . Clinical RF ablation procedures currently use multiple ground pads (typically two or four) connected in parallel to the RF power source. Each pad consists of a flexible, thin-layered electrical conductor, usually aluminum, covered by an adhesive polymer gel layer. This adhesive layer increases the area of surface contact between the ground pad and skin, which is especially important in areas with irregular surface contours. RF ablation ground electrodes are different from those used in surgical electrocautery systems, which are typically stainless steel plates. The increased complexity of RF ground electrodes is necessary because RF ablation systems are characterized by greater power deposition (up to 250 W) over a much longer time (up to ∼35 min) than surgical electrocautery.
Since the introduction of RF ablation for tumor treatment, coagulation zone size has been a major limitation in treatment of large tumors. Initial systems (25 W) created coagulation zones of ∼1.5 cm diameter in liver tissue [9] , which was too small to adequately treat even the smallest tumors with a single application, especially since a ∼1 cm margin of ablated normal tissue around each tumor is desired to prevent recurrence [10] . The need for multiple probe placements and power applications resulted in long procedural times and reduced efficacy. Recent improvements in RF electrode design and power delivery algorithms (using up to 250 W) have increased the size of the coagulation zone created during a single RF power application Fig. 2 . Current density distribution from a previous 2-D modeling study. In this collinear pad arrangement, current flows preferentially to the leading edge of the proximal pad, resulting in little heating elsewhere at the proximal pad or at the distal pad. In this example, each pad was 8.5 cm long and the pads were spaced 1.5 cm apart. (reproduced with permission from [28] ). to 3-6 cm. The need for increasing power during RF ablation procedures will likely persist, since increasing coagulation zone size and decreasing treatment times continue to be of clinical interest. Recent in vivo studies have demonstrated the potential benefit of creating larger coagulation zones with commercially available electrodes and higher generator power (up to 1000 W, and 4 A) [11] , [12] .
The increase in the maximum power used during clinical RF ablation procedures has led to an increase in the incidence of skin burns due to ground pad heating, with incidence rates in the literature ranging from 0.1% to 3.2% for severe skin burns (2nd or 3rd degree) and from 5% to 33% for mild skin burns (1st degree) [13] - [19] . However, other recent studies suggest that the incidence of skin burns after RF ablation may be underreported [18] , [20] . In addition to RF tumor ablation devices, other electrosurgical devices may cause excessive skin heating near ground pads in pediatric patients where available skin area is limited [21] .
During RF ablation and electrosurgery procedures, it is well documented that maximum current density, and thus, maximum temperature rise at the ground pads occurs along the edges [21] , [22] . In particular, due to the specific geometric relationship between the RF electrode and ground pads, maximum current density and heating occur at the so-called "leading edge" of the ground pad [the edge nearest to the RF electrode ( Fig. 2) ] [22] . Therefore, the leading edge of the ground pad closest to the RF electrode is the location where burns are most likely to occur during RF ablation [23] - [25] .
The size and number of ground pads used during RF ablation procedures has increased over time in order to safely disperse the increased RF power, with today's systems typically employing two or four pads (two on each thigh); however, this approach has reached a practical limit since there is little room to effectively add additional ground pad surface area, either by making the pads larger or by placing additional ground pads equidistant from the RF electrode. Equidistant placement of the ground pads is necessary because RF current preferentially flows to the closest ground pad, especially the leading edge (Fig. 2) ; the placement of additional ground pads further away from the RF electrode or increasing the overall area of the ground pads away from the leading edge provides little to no reduction in the maximum temperature reached in the tissue near the ground pads.
Recent attempts at preventing ground pad burns during RF ablation have included altering the shape of the ground pads to reduce heating along the edges [21] , [26] , applying ice packs to the ground pads to reduce temperature rise at the leading edge [20] , dividing circular pads into annular segments and using resistors to equilibrate current at each segment [27] , and monitoring temperature at the leading edge of the ground pads [23] . Two manufacturers have included monitoring features in their latest RF devices in an effort to reduce the incidence of skin burns. One system monitors temperature at the leading edge of the pads as described earlier, and alerts the user or terminates RF power application if the temperature at any of the ground pads exceeds a threshold. The other commercial system measures the RF current that flows to each ground pad, verifying for the operator that the power dispersed at each pad is balanced.
While these monitoring schemes are helpful in preventing skin burns, they do not address the fundamental roadblock to increased power levels during RF ablation, namely the uneven distribution of current density underneath the ground pads due to the leading edge effect. We have previously demonstrated that sequential activation of ground pads at different distances from the RF electrode leads to lower overall temperatures below the ground pads than the standard methodology (in which all ground pads are simultaneously connected) [28] . In this computer modeling study, we use the same sequential activation method with a single ground pad that is segmented into between two and five separate ground electrodes. For each number of ground electrodes, we determined the configuration that resulted in the lowest maximum tissue temperatures.
II. MATERIALS AND METHODS

A. Finite-Element Method (FEM) Software
We used PATRAN 2005 r2 (The MacNeal-Schwendler Company, Los Angeles, CA) to create the model geometry, perform meshing, and assign all boundary conditions, including voltage, temperature, convection, and radiation. The nonuniform mesh ranged in size from 8 mm (along distal edges away from ground electrodes) to 0.1 mm (near the ground electrodes); in all, the model contained ∼83 000 elements and ∼43 000 nodes. The PATRAN software generated a data file suitable for the ABAQUS/STANDARD 6.5 solver software (Hibbitt, Karlsson, & Sorensen, Inc., Pawtucket, RI). For postprocessing, we used the built-in POST module in ABAQUS to create profiles of electric potential, current density, temperature, and thermal damage. We used a Dell Optiplex GX620 workstation with 3 GB of RAM to run all simulations.
B. FEM Model Parameters and Equations
1) Bioheat Equation:
In this study, we examine the temperature rise due to Joule heating (which occurs whenever electrical current passes through a material) that occurs in the tissue under each ground electrode during RF ablation. The magnitude of this rise is governed by the bioheat equation [29] ρc ∂T ∂t
where ρ is the density (in kilogram per cubic meter), c is the specific heat (in joules per kilogram per kelvin, and k is the thermal conductivity (in watts per meter per kelvin). J is the current density (in amperes per square meter) and E is the electric field intensity (in volts per meter). T bl is the temperature of blood, ρ bl is the blood density (in kilogram per cubic meter), c bl is the specific heat of the blood (in joules per kilogram per kelvin), and w bl is the blood perfusion (in liter per second). Q m (in watts per cubic meter) denotes the energy generated by metabolic processes, which was neglected since it is small compared to the other terms [30] . We included temperaturedependent effects in calculating the magnitude of the perfusion term [ρ bl c bl w bl (T − T bl )] in each tissue type (Section II-B3.a).
2) Description of the Model Geometry: Fig. 3 next shows the overall geometry of our FEM model. We included three tissue layers in the model (muscle, fat, and skin) and two layers that represent typical ground pad construction (aluminum foil and adhesive gel). The thickness of each layer is shown in Table I . The aluminum layer (i.e., electrode/gap layer in Fig. 3 ) consists of a varying number of aluminum segments, with varying size and distance as described next (see Fig. 5 ). The total length of the aluminum layer was held constant at 14 cm, which is the length of a commonly used commercial ground pad (Valleylab, Boulder, CO). Similar to the commercial pad, the gel layer lined up evenly with the rear edge of the distal ground electrode, but extended 1 cm in front of the proximal ground electrode (Figs. 3 and 5).
3) Material Properties: We used published values of electrical and thermal properties in the model (Table I ) [31] - [36] . Additionally, we measured the electrical conductivity (σ) of the gel layer on a typical commercial ground pad using the fourelectrode method [37] and included that value in our model.
We included temperature dependence for the thermal conductivity (k) of each tissue, as published in a previous study [38] , and a temperature coefficient of 2%/
• C for the electrical conductivity of each tissue [31] . During each part of the activation cycle, tissue heating occurs primarily at the closest activated ground electrode (in this case, proximal during t 1 , middle during t 2 , and distal during t 3 ).
a) Perfusion:
We included temperature-dependent perfusion of skin, muscle, and fat tissue in our model, which were implemented in FORTRAN subroutines. For fat and muscle tissue, perfusion changes with temperature according to a sigmoidal profile with a plateau above 45
• C [ (2) and (3)] [32] .
For skin tissue, we assumed that the relative change in perfusion with temperature in the human model is similar to a previous study in the rat model [39] , and used a previously published value for human baseline skin perfusion (4) [40] ρ bl w bl = (1.325 + (1.921
b) Convection and radiation: We included convective and radiative heat loss in this model, assigning the heat fluxes as boundary conditions to the skin and ground pad exterior surfaces, according to (5) and (6) 
where q conv equals convective heat flux, q rad equals radiative heat flux, h f equals the convective heat transfer coeffi-
, ε equals the emissivity of skin (ε = 0.98) [42] , and T air equals the temperature of the air in contact with the skin and ground pad (T air = 22
• C). Note that in (6) the temperatures are in Kelvin.
C. FEM Model Geometry and Algorithm
In our sequential activation algorithm, different subsets of ground electrode segments located at varying distances from the RF voltage source are activated in a repeating cycle (Fig. 4) . In general, the pattern of the activation cycle is the same for any (14 cm total) . In the bottom case (b), the four ground electrodes are each 2 cm in length and the three gaps are each 2 cm (14 cm total). In all cases, the gel layer extended 1 cm in front of the proximal electrode.
configuration of n electrode segments (i.e., all segments activated during t 1 , all segments except the most proximal activated during t 2 ,. . ., only the most distal segment activated during t n . The result of this sequential activation is that during each period of the cycle (t 1 , t 2 , t 3 in the example in Fig. 4) , a different ground electrode segment is the activated ground electrode proximal to the RF electrode. Since the leading edge of the proximal activated ground electrode is the location of maximum heating, this algorithm more uniformly distributes tissue heating among all ground electrodes, resulting in lower maximum tissue temperature. The period that each electrode subset is activated is adjusted to produce equal temperatures at the leading edge of each ground electrode.
For each simulation, we adjusted the model geometry based on the desired number of ground electrode segments and the desired electrode length, distributing the remaining length of the electrode/gap layer evenly among the gaps. Two examples of electrode and gap configurations are shown in Fig. 5 .
We simulated a total of 16 different configurations with two to five ground electrode segments, as well as the standard case (a nonsegmented commercial ground pad). Since the computer model is a cross-sectional 2-D model, we made some assumptions in order to estimate the total current for a 3-D system. The calculated current in a 2-D model effectively represents the current per unit width (e.g., using the units from our model, in amperes per millimete), where the width extends orthogonal to the 2-D model. By assuming a certain ground pad width, and further assuming that current is uniform along this width (i.e., neglecting corner effects), we can estimate the total current for the 3-D case as the current per unit width times the ground pad width. This estimate is justified in this study due to the large width of the ground pad in comparison to the region where corner effects result in higher current. Therefore, we assumed the width of the ground pad in this study was 23 cm (which is the width of another commercial ground pad (Thermopad, Rita Medical Systems, Mountain View, CA)), and multiplied this width by the current per unit width determined from the 2-D model to obtain total current. When we discuss total current in the subsequent text, we are always referring to this estimated total current for the 3-D case as described here.
We set the initial temperature of the tissue and the boundary temperature of the model to 37
• C. We did not model the region around the RF electrode in this study, since the current density profile in the region of interest (underneath the ground Fig. 6 . Flowchart of simulation procedure for a two-ground-electrode configuration. T 2p ad s and T 1p ad represent the temperature at the control nodes for the front (both electrodes subset) and rear (distal electrode only subset) ground electrodes, respectively. After each simulation time step, the elapsed time is checked to determine if the simulation should continue. If so, the control node temperature differential is checked to determine which electrode subset should be activated during the subsequent time step. electrodes) should be practically independent of the location and orientation of the RF electrode. This is due to the relatively large distance between the RF electrode and the ground electrodes in a typical RF ablation; the RF electrode (voltage source) would be located in the abdominal cavity and the ground pad would be located on the patient's thigh (Fig. 1) . Therefore, we set the voltage source (simulating the RF electrode) at the model boundary 50 cm from the leading edge of the proximal pad (Fig. 3) . The ground potential (0 V) was applied to the activated subset of ground electrodes. For each configuration, we first ran the simulation for 24 min without applying RF current to allow all tissue temperatures to reach steady state, since radiation and convection reduce tissue temperature near the skin (to ∼32.5
• C). After this initial simulation, we set the applied voltage to produce an RF current of 1 A. Assuming the same pad arrangement is used on the other thigh, this would correspond to 2 A total current, which is the maximum current output for typical commercial systems [11] , [12] . The RF current was kept constant at 1 A during each simulation by changing the magnitude of the applied voltage at the voltage source using FORTRAN subroutines built-in to ABAQUS. For each configuration, we ran a preliminary simulation with each ground electrode subset activated to determine the node for each subset (hereafter referred to as "control node") that reached the highest temperature after 12 min (a typical duration for clinical procedures). After determining the control nodes for a given configuration, we ran the main simulation for 12 min using the sequential activation algorithm (Fig. 4) . FORTRAN routines recorded the temperature at the control node for each electrode subset, and paused the simulation if the control node of the activated subset reached a temperature 0.1
• C higher than any of the other control nodes at the end of a time step. Subsequently, a C++ program (Microsoft Visual Studio, Redmond, WA) activated the next electrode subset in the cycle (Fig. 4) and restarted the simulation. A flowchart demonstrating the simulation procedure for a Fig. 7 . Computation of reported temperature values. The graph displays the temperature at the control (i.e., hottest) nodes during the last cycle for a sample three-electrode case (4-cm-long electrodes, 1-cm-long gaps). The time periods t 1 , t 2 , and t 3 correspond to the switching periods in Fig. 4 . The dotted line (40.24 • C) represents the calculated average temperature for the distal electrode control node (blue), while the dashed line (40.27 • C) shows the calculated average temperature for the middle and proximal electrodes hottest nodes (red and green). The overall average maximum temperature rise reported for this simulation is the average of these three values, or 40.26 • C (Table II) .
case with two ground electrodes is shown in Fig. 6 , and the location of the control nodes for sample simulations with two and four ground electrode segments is shown in Fig. 10 . This method of determining the switching periods (using the "hottest" nodes at each ground electrode for temperature feedback) ensured that the maximum temperature rise for each electrode subset was approximately equal in each simulation.
The time steps during the solution of the FEM started at 0.05 s each time the model was restarted with a new activated electrode subset; they were subsequently automatically controlled by the solver software so that the maximum temperature change at any node in the model during one time step was below 0.1
• C. This threshold kept the time steps relatively short so that the control nodes did not significantly overshoot the temperature differential (also 0.1
• C, above) used to control the switching during the simulation.
D. Analysis
To determine the reported temperature rise for each simulation, we first calculated the temporal average temperature at each control (i.e., "hottest") node over the last complete cycle, and then averaged the temporal values for all of the control nodes. A sample calculation from a simulation with three ground electrodes is shown in Fig. 7 . We compared the simulations by average temperature at the control nodes instead of maximum temperature because the two values will theoretically be similar in the ideal case with very short switching periods and negligible ripple in the temperature time course (the switching periods were comparatively long in this study to reduce computational times).
In addition to reporting maximum temperature rise during each trial, we used the commonly used parameter of thermal isoeffective dose to compare thermal damage between trials Fig. 8 . Example of "short circuit" effect in a two-electrode case. When only the rear electrode is activated, some of the total current passes through the inactive front electrode (arrows) instead of the surrounding tissue on its way to the rear electrode. This leads to increased leading edge heating at the front electrode, since current is flowing into the electrode even when it is inactive. This phenomenon becomes more pronounced as the distance between the electrodes is decreased (Table III) . (7) [43]:
where CEM43 is the cumulative equivalent minutes at 43
• C, dt i is the duration of the model time-step i in minutes, T i is the temperature during time-step i (in degree celsius), and R is a factor describing the number of minutes needed to produce an equivalent amount of damage for a temperature change of 1
• C (typically 0.25 for temperatures below 43
• C, as in this study) [43] . The calculation of CEM43 at each node was performed during each simulation using a FORTRAN subroutine. The thermal dose is generally better suited than temperature alone for quantitative comparison in situations where tissue temperature changes during a procedure, since it takes the exponential relationship between damage and temperature into account.
During each activation cycle, a portion of the total current passes through the inactive ground electrodes that are between the proximal activated ground electrode and the voltage source (Fig. 8) . This is because the aluminum in the ground electrodes has much higher electrical conductivity than the tissue or gel layer (Table I ) and effectively acts as a short circuit (i.e., current preferentially flows through the inactive electrodes instead of nearby tissue). This current flow through the inactive electrodes leads to additional tissue heating (and therefore, higher temperatures) at the leading edges of the inactive electrodes. We calculated the percentage of the total current that passes through the adjacent inactive electrode when only the most distal electrode is activated using (8)
Where J max is the maximum current density in the aluminum layer of the adjacent inactive electrode (in amperes per cubic meter), A is the area of the element with maximum current density (in square meter), w is the width of the model ground pad (0.23 m), and I tot is the total applied current (A).
E. Limitations
We did not include the time-dependent nature of temperaturedependent perfusion in our model to simplify calculations. We also did not take into account any thermally insulating effects that the foam backing of a typical commercial ground pad may Fig. 9 . Maximum temperature (averaged over the final cycle) versus gap length for all simulations. The dashed line at the top represents the maximum temperature achieved in the control case (one electrode). The color curves represent the 2nd-order polynomial approximations for each number of electrodes.
have on temperatures underneath the pad. These simplifications may lead to inaccurate results.
III. RESULTS
Including the control case (i.e., one 14 cm electrode), we simulated 17 different electrode/gap configurations in this study. The maximum tissue temperature rise (averaged over the final activation cycle) for each configuration is shown in Table II .
For a given number of electrodes, the maximum temperature varied with gap length in an approximately parabolic fashion (Fig. 9) . As the gap length was decreased (and the electrode length was correspondingly increased), the increased area   TABLE III  "SHORT CIRCUIT" CURRENT THROUGH INACTIVE ELECTRODES   TABLE IV  OPTIMAL ELECTRODE AND GAP LENGTHS FOR EACH NUMBER OF ELECTRODES of the ground electrodes initially led to lower tissue temperatures. However, as the gap length was further decreased and the electrodes got increasingly close to one another, the heating areas for adjacent ground electrodes began to overlap, leading to higher temperatures. Additionally, as the electrodes were brought closer together, an increasing amount of current passed through the inactive ground electrodes in front of the proximal activated pad (the "short circuit" effect, Fig. 8 ). Table III shows the percentage of the total current that passed through the adjacent inactive electrode when only the most distal electrode was activated for several sample cases.
From the plot in Fig. 9 , we determined a 2nd-order polynomial approximation of the maximum temperature versus gap length data for each number of electrodes. Using this approximation, the ideal configuration and lowest predicted maximum temperature rise for each number of ground electrodes is shown in Table IV .
The temperature distribution in the tissue below the ground electrodes is shown next in Fig. 10 for the control case (single electrode), a two-electrode simulation, and a four-electrode simulation. The maximum tissue temperature after 12 min decreased as the number of ground electrodes was increased.
IV. DISCUSSION
Skin burns due to ground pad heating are a common complication during RF tumor ablation [13] - [19] , and are a limiting factor preventing further increase in RF power. Two recent studies show that even with today's RF electrodes, applying greater RF power than what is currently available clinically results in larger ablation zone size [11] , [12] . Presently, up to four ground pads are placed on the patient equidistant from the active RF electrode to ensure equal current density (and therefore, heating) at each ground pad. This standard method has several limitations. First, the requirement of equidistant placement means that the process is operator dependent. If one or more of the pads are placed closer to the electrode than the others, a disproportionate amount of current may flow to this pad (assuming that closer distances result in lower impedance between electrode and pad) resulting in a skin burn. Alternately, the placement of a pad over a metallic device such as a hip prosthesis may create a low resistance path (short circuit) to the nearest part of the ground pad, resulting in a skin burn. A second limitation of the standard method is that further reduction of tissue temperatures by adding more ground pads is not possible because there is no more available skin area equidistant from the active RF electrode. Lastly, in this method, the majority of current flows through a relatively small area of tissue compared to the total ground pad area, creating high temperatures and possibly burns; in other words, little of the surface area of the ground pad is effectively utilized to disperse the RF current. While the recent introduction of current-and temperature-monitoring features into commercial RF systems are useful in decreasing the skin burn incidence rate using the standard grounding method, these monitoring features do not reduce ground pad heating. Therefore, the ineffective utilization of ground pad surface area in the standard grounding method remains a barrier to the safe use of higher power levels during RF tumor ablation procedures.
We have previously found experimentally that in a system with multiple ground pads placed at varied distances from the RF electrode, sequential activation leads to lower overall temperatures than standard simultaneous activation [28] . In this paper, we compared the sequential activation of a single-segmented commercial ground pad (Fig. 5) to the standard activation of a single nonsegmented pad. During sequential activation, subsets of the ground electrodes were activated for different time periods (Fig. 4) based on temperature feedback, in order to achieve equal heating below each ground electrode and lower overall tissue temperatures. It is important to note that segmentation of a ground pad can only reduce tissue temperatures if used with the sequential activation scheme (not with simultaneous activation), since the sequential method does not require equidistant placement of ground electrodes. We found that the maximum tissue temperature after 12 min of power application decreased as the ground pad was segmented into an increasing number of separate ground electrodes using the optimal segment size and distance (Fig. 9 , Table IV) , with a more uniform temperature distribution in the tissue as the number of segments was increased (Fig. 10) . This is because current density and the corresponding tissue heating is more evenly distributed as the number of ground electrodes (and therefore, number of leading edges) increases. Additionally, as the number of ground electrodes increases, each ground electrode is the proximal activated electrode for a shorter time period, and therefore, undergoes less leading edge heating.
However, it is important to note that there are diminishing returns as the number of ground electrodes is increased (see Table IV , Fig. 9) ; i.e., there is a greater temperature reduction by going from one electrode to two electrodes (best case: 41.7
• C vs. 40.6 • C) than by going from three-electrode to four (best case: 39.9
• C vs. 39.5
• C). In all likelihood, it will be necessary to balance the temperature improvement gained by adding more ground electrodes against the resulting increase in both fabrication and system complexity. Furthermore, equilibrating the maximum temperature rise in the tissue at all ground electrodes during sequential activation will likely be more difficult in practice than in the model, since (unlike the model) the temperature feedback will not always be optimally located at the point of maximum temperature rise for each ground electrode. The length of the time periods used in conjunction with the sequential activation method is also an important consideration. The control algorithm used in this study (Fig. 6 ) led to relatively long switching periods (up to 10 s) at times, which resulted in considerable tissue temperature variation (i.e., temperature ripple) during each cycle. For example, in Fig. 7 , the temperature ripple was approximately 0.3
• C for the one-pad control node (blue curve) over the course of the cycle. The switching time periods in a practical implementation may need to be shorter than those used in this study in order to reduce the temperature ripple and associated peak tissue temperatures. A reduction in ripple is advantageous due to the exponential temperature-damage relationship; i.e., a smaller ripple will result in a lower isoeffective thermal dose. Lastly, we examined the most basic segmented ground pad geometry in which all electrode segments and gaps were of same size in this study. It is possible that using varied segment sizes and gaps would allow for more uniform current between segments and allow further reduction in skin temperatures.
Because of the dynamic control over switching periods via temperature feedback, the sequential activation algorithm could be used to limit the heating of multiple ground pads (each segmented into multiple ground electrodes) placed arbitrarily on the skin surface-virtually anywhere on the patient's body. In addition to more effectively utilizing the surface area of the currently used ground pad configuration (leading to lower tissue temperatures), this means that additional pads could be used to further reduce skin heating. The ability to place pads in arbitrary locations also reduces the possibility of operator error, since nonequidistant placement will no longer result in an increased potential for burns.
V. CONCLUSION
Sequential activation of a segmented commercial ground pad during RF tumor ablation creates more uniform distribution of current density under the pad, and therefore, leads to considerably lower maximum tissue temperatures and lower isoeffective thermal dose. Computational models allowed us to examine the effect of segment size and distance between the segments to determine the optimal parameters for a given number of segments. The use of segmented ground pads may allow for increased maximum RF generator power and a reduction of the incidence rate of skin burns during RF tumor ablation procedures. In addition to tumor ablation, this method may be useful for other electrosurgical devices, especially in pediatric patients, where there is limited skin surface area.
